Abstract-A matter of current, intense debate with regard to the effects of metals on biological systems is the potential toxicity of metals associated with food particles. Recently developed biotic ligand models (BLM), which predict the toxicity of waterborne metals, may not be valid if the dietary exposure route contributes to metal toxicity. The present study is, to our knowledge, the first that investigates the potential toxicity of dietary copper to a freshwater invertebrate (i.e., Daphnia magna) feeding on a live diet (i.e., the green alga Pseudokircheneriella subcapitata). Algae were exposed for 3 d to different copper concentrations, resulting in algal copper burdens between approximately 6.2 ϫ 10 Ϫ16 and 250 ϫ 10 Ϫ16 g cell
INTRODUCTION
During the last decade, regulators, industry, and academic scientists have recognized that the effects of bioavailabilitymitigating parameters on metal toxicity need to be taken into account when deriving environmental quality criteria [1, 2] . In this context, the biotic ligand model (BLM) is a promising and integrative model to evaluate and predict the effects of physicochemical parameters (e.g., dissolved organic carbon, pH, water hardness, sodium, alkalinity) on acute metal toxicity to several freshwater species [3] [4] [5] [6] [7] [8] .
The BLM concept was originally proposed for predicting the toxicity of dissolved metals (waterborne exposure) and does not include the possible impact of metals associated with the particulate phase (e.g., food particles ϭ dietary exposure). Many studies concerning dietary metal uptake and accumulation are available (e.g., see [9] for a review). These studies have generally demonstrated that metals accumulated from the dissolved phase are more likely to be deposited in gill, whereas metals taken up from food are mainly deposited in internal tissues. Because of this differential distribution, dietary metals may exert toxicity via mechanisms different from those of dissolved metals [10] . However, uptake and bioaccumulation of metals are not consistently related to toxicological effects; hence, increased uptake and/or bioaccumulation through the dietary pathway cannot be considered as sufficient evidence of dietary metal toxicity [11] . Even so, the number of studies investigating toxicity of dietborne metals is rather limited.
Clearwater et al. [12] reviewed the literature concerning the toxicity of dietary copper and zinc to several fish species and concluded that it is highly dependent on and/or is influ-* To whom correspondence may be addressed (karel.deschamphelaere@ugent.be).
enced by factors such as species, life stage, feeding rations and daily doses, composition of the diet, nutritional value of the food, and feeding with artificial (i.e., laboratory-prepared) versus live diets. Feeding with live food in which the metals are biologically incorporated in the tissues can result in higher toxicity (e.g., when metals are bound to readily absorbable methionine or proteinate complexes [13, 14] ) or lower toxicity (e.g., when metals are complexed in insoluble granules [15] ). The lack of studies using biologically incorporated dietary copper makes it difficult to assess the comparative bioavailability of copper in natural diets versus that in laboratoryprepared diets [12] . Although invertebrates such as crustacean zooplankton are an important component of pelagic food webs, dietary metal toxicity studies with these animals are very scarce and often difficult to interpret (see Results and Discussion).
Standard chronic toxicity testing protocols (e.g., [16] ) with such organisms are important for regulatory assessments and are usually performed in the presence of sufficient food (mostly green algae to ensure reproduction). Hence, dietary exposure may occur, because the food algae can adsorb and take up dissolved copper from the exposure solution before being ingested by the daphnids. Because the BLM concept is designed to predict toxicity of metals in the dissolved phase, this model may only be valid if the dietary copper exposure does not contribute to the overall toxicity effects. De Schamphelaere and Janssen [17] have developed a BLM to predict chronic waterborne copper toxicity to Daphnia magna assuming that dietary copper did not contribute to the toxicity observed in the experiments that were conducted for the BLM development. If this assumption is wrong, the developed model would be mechanistically incorrect and possibly not applicable to other conditions (e.g., food type, food ration). However, if the dietary exposure route in these tests did not contribute to the overall toxic effect, then the developed BLM would be applicable to all other situations in which the dietary toxicity is negligible.
The major aim of the present study was to test whether dietary exposure to copper affected copper accumulation, reproduction, or growth of D. magna and, in turn, whether this affected the effect concentrations of copper obtained in (standard) chronic toxicity tests with D. magna. To that end, a series of carefully designed experiments was conducted that allowed us to distinguish, as much as possible, between effects of waterborne and dietary copper exposure on copper accumulation, growth, and reproduction. Great care was taken to ensure the best possible level of ecological relevance (e.g., same test media for exposing algal food and D. magna) and to monitor dissolved copper concentrations and feeding rates of the daphnids.
MATERIALS AND METHODS

Experimental design and terminology
Batches of the green alga Pseudokirchneriella subcapitata (one of the two algae species used as food for development of the chronic copper BLM [17] ) were cultured for 3 d in six different copper concentrations and in a control. At the end of this exposure period, control algae (with a background copper burden) and algae with six different elevated copper burdens were harvested. These algae were subsequently used as the food in standard, 21-d chronic toxicity tests with D. magna. Three types of chronic exposure of the daphnids to copper were simultaneously performed: A waterborne exposure, a dietary exposure, and a combined waterborne and dietary exposure. In the waterborne exposures, copper was spiked into the exposure solution (the same six Cu concentrations as used in the algae cultures), and daphnids were fed with control algae. This type of exposure is representative of the standard toxicity test procedure in which (initially) only background dietary exposure occurs. In the dietary exposure, daphnids were exposed in the control medium (initially only background dissolved copper in the exposure solution) and were fed with algae exhibiting increased copper burdens. In the combined waterborne and dietary exposure, daphnids were exposed to dissolved copper in solution (same six concentrations) and were fed algae that had been cultured in the same copper concentration. Next to these exposures, one control exposure was also conducted in which no copper was added to the dissolved phase and control algae were used as food. Dissolved copper concentrations as well as survival, reproduction, and feeding rates of the daphnids were monitored throughout the 21-d exposure. At the end of the tests, dry weight (growth) and copper body burdens of the daphnids were determined.
Test media
Exposures of P. subcapitata and D. magna were performed in a reconstituted test medium containing natural dissolved organic carbon collected by reverse osmosis from the Ankeveensche Plassen, The Netherlands (see De Schamphelaere et al. [18] for a detailed description). The test media had the following composition: Deionized water, 10 mg of dissolved organic carbon L Ϫ1 , 2.0 mM calcium, 0.50 mM magnesium, 1.8 mM sodium, 0.078 mM potassium, 0.50 mM SO 4 For each copper concentration, 10 L of test medium were prepared, spiked with copper, and transferred into a 12-L polyethylene bag. The spiked media were equilibrated in complete darkness for 48 h at 4ЊC and for 48 h at 20ЊC before the exposure. At the start of the exposure, each bag was inoculated with 4 ϫ 10 5 cells ml Ϫ1 . Exposures were carried out under continuous illumination (5,000 lux). The temperature in the media during the exposure period was 20 Ϯ 1ЊC. The cell density was recorded in triplicate after 48 and 72 h with the aid of an electronic particle counter (Model DN; Harpenden, Herts, UK), and the specific growth rate (; d Ϫ1 ) was determined according to the Organisation for Economic Cooperation and Development Test Guideline 201 [19] . The pH was adjusted twice daily to 6.8 with dilute NaOH or HCl.
After 72 h, cell suspensions were centrifuged to harvest the algae. The supernatants were carefully pipetted off, and the obtained pellets were suspended in a specified volume of supernatant (i.e., the same solution chemistry and copper content as that to which they were exposed) to yield a cell density of 8 ϫ 10 7 cells ml Ϫ1 . The latter was done to minimize copper leaching from algae while the suspensions were in storage during the chronic toxicity tests with D. magna. Finally, suspensions of the cells were stored in darkness at 4ЊC throughout the daphnid testing period. Weekly, cells were taken from the stored algal suspensions, and their growth rate was assessed under the same conditions as those for the original exposures (see above). Similar growth rates as in the original exposures indicated that no significant cell death occurred during the storage (data not shown). Weekly inspection with a microscope indicated that no significant cell lysis or bacterial growth occurred during the storage. Hence, neither cell death, cell lysis, nor bacterial growth could have altered the bioavailability of the dietborne copper as a consequence of this long-term storage.
Copper burdens of the algae
After 2 d of exposure and on day 1 and day 21 of the daphnid exposure, three subsamples of 625 l (5 ϫ 10 7 cells) of each cell suspension were transferred into 50-ml, metalfree polyethylene tubes for determination of internal and ex-ternal copper burdens of the algae. The algae were first washed with 50 ml of a 0.01 M KNO 3 ϩ 5 mM Na 2 -EDTA solution (pH 6.8) to remove external (surface-bound, adsorbed) copper. This was accomplished by shaking the algal suspensions for 10 min and subsequently centrifuging them at 500 g for 10 min. One-hundred microliters of 14 N HNO 3 were added to 9.9 ml of filtered (mesh size, 0.45 m) supernatant. The copper concentrations of these samples were immediately determined, and this resulted in the external copper burden of the algal cells. Next, 500 l of 14 N HNO 3 were added to the pellet, and this was then digested with the aid of a microwave oven (four steps at 4 min each at 100 W, 200 W, 300 W, and 400 W). After digestion, 4.5 ml of double-deionized water was added, and the copper content of the samples was determined, resulting in the internal copper burden of the algae.
Copper analyses for both internal and external copper burdens of the algae were performed with graphite furnace atomic absorption spectrophotometry (SpectrAA800 with Zeeman background correction; Varian, Mulgrave, Australia). A reference plankton sample (BCR-414; Institute for Reference Materials and Measurements, Geel, Belgium) was analyzed using the same method, and measured copper levels were always within 10% of the certified value.
Metal concentrations were determined and reported as g Cu cell Ϫ1 and can be recalculated to g Cu (g dry wt) Ϫ1 using an average (Ϯ standard error of mean [SEM] , n ϭ 21) cell dry weight of 1.47 Ϯ 0.04 ϫ 10 Ϫ11 g cell
Ϫ1
. Average cell weight of the algae was determined in triplicate for all tested copper concentrations and was observed not to differ significantly between treatments (one-way analysis of variance, p Ͼ 0.05). In parallel, the organic carbon to dry weight ratio was determined using a total organic carbon analyzer (TOC-5000; Shimadzu, Duisburg, Germany). This ratio was 0.40 Ϯ 0.04 and was not significantly different across the different copper exposures.
Chronic exposures of daphnids
Four days before the start of the chronic bioassays (i.e., 2 d after harvesting the algal cells), test media were spiked with nominal copper concentrations of 0, 35, 50, 70, 100, 140, and 200 g L
Ϫ1
. Throughout the test period, test media were stored in darkness at 4ЊC. Forty-eight hours before use, appropriate volumes of these media were transferred to and equilibrated at 20ЊC. In addition to a control treatment (control copper in solution and daphnids fed with control algae), 18 different treatments were tested: Six treatments with copper in solution only (waterborne exposure), six treatments in control solution and with copper-laden food (dietary exposure), and six treatments with copper in both solution and food (combined waterborne and dietary exposure).
For all treatments, chronic bioassays were performed according to the Organisation of Economic Cooperation and Development Test Guideline 211 for testing of chemicals [16] . Test organisms originated from a healthy D. magna clone that had been cultured in the laboratory under standardized conditions in M4 medium [21] for several years. At the start of each test, ten juvenile animals (age, Ͻ24 h; dry wt, 8.0 Ϯ 0.2 g; n ϭ 3) per concentration were transferred individually to polyethylene cups containing 50 ml of the test medium (i.e., 10 replicates of one organism per concentration). Each day, the daphnids were fed with 8 ϫ 10 6 cells per day from day 0 to day 6, 12 ϫ 10 6 cells per day from day 7 to day 8, and 16 ϫ 10 6 cells per day from day 9 to day 20, corresponding with food rations of 120, 180, and 240 g dry weight per daphnid per day, respectively, or 47, 70, and 93 g total organic carbon per daphnid per day, respectively, depending on the age of the daphnid. On days 2, 5, 7, 9, 12, 14, 16, and 19, the medium was renewed, and parent mortality and the number of juveniles were noted. At the end of the 21-d exposure period, mortality and the number juveniles were noted for the last time, and parent daphnids were collected for weight and copper body burden determination. Determination of copper body burden was accomplished by washing the daphnids in control test medium for 10 min (to remove adhered particles) and subsequently in a 5 mM Na 2 -EDTA solution for 20 min (to remove copper bound to the exoskeleton). Preliminary experiments had demonstrated that this treatment is sufficient to remove both externally bound copper as well as copper in the gut of the daphnids. Daphnids were then dried individually at 40ЊC (for ϳ2 d, until no further decrease in weight was observed) and were weighed to the nearest 1 g. Next, daphnids from each treatment were pooled and digested in 500 l of 14 N HNO 3 . To the digest, 4.5 ml of double-deionized water were added, and the copper content of the sample was analyzed using graphite furnace atomic absorption spectrometry. The copper content of the samples was used to calculate internal body burdens of the daphnids, expressed as g Cu (g dry wt)
Ϫ1 .
Algal ingestion rates by daphnids
Algal ingestion rates were estimated throughout the exposure period with following equation:
where IR ϭ ingestion rate (cells/d), N a ϭ total number of cells added between two test media renewals, V ϭ volume of test medium (i.e., 50 ml), C renewal ϭ concentration of algae in the test medium immediately before each medium renewal (cells/ ml), and t ϭ time between two renewals (d). The N a was put in as the nominally added cell number. Measured added cell numbers were always within 5% of the nominal values. The C renewal values, or the algal concentrations remaining in the test vessels (i.e., uneaten cells), were measured in pooled samples of all replicates (n ϭ 10). The algal concentration remaining in the test vessels was between approximately 50,000 and 750,000 cells ml Ϫ1 (average, ϳ350,000 cells ml Ϫ1 ). This corresponds to organic carbon levels between 0.28 and 4.0 mg L Ϫ1 , with an average of 1.7 mg L Ϫ1 . These levels were always higher than the incipient limiting level reported for D. magna feeding on the green alga Chlamydomonas sp. (0.2 mg L Ϫ1 ) and for most other Daphnia sp. feeding on various green algae [22] . Note that the incipient limiting level is the food concentration above which the ingestion rate is assumed to be maximal. Hence, it can be assumed that the food concentration itself was never limiting, allowing the detection of possible effects of copper on cell ingestion rates. Possible interference by algal ingestion by neonates was considered to be minimal.
Chemical analyses
Copper concentrations were determined using a flameatomic absorption spectrophotometer (for Ͼ20 g L Ϫ1 , SpectrAA100; Varian) or a graphite furnace atomic absorption spectrophotometer (for Ͻ20 g L Ϫ1 , SpectrAA800 with Zeeman background correction). Calibration standards (SigmaAldrich) and a reagent blank were analyzed with every 10 samples. In the algae exposures, total copper was measured at the start of the exposure to check if total concentrations were comparable to nominal concentrations. Dissolved copper (filtered through a mesh size of 0.45 m; Gelman Sciences, Ann Arbor, MI, USA) was measured daily in the algal tests and just before each medium renewal in the D. magna tests. Dissolved organic carbon (0.45-m filter) and inorganic carbon in the test media were measured before the tests in all treatments (TOC-5000). The dissolved organic carbon was within 5% of the nominal value of 10 mg L Ϫ1 for all samples. Reported concentrations of major cations and anions are nominal values. Previous studies have shown that these were always within 10% of the nominal concentrations [18] . The pH measurements were performed daily in the algal tests and with each renewal in the D. magna tests (pH-meter P407; Consort, Turnhout, Belgium). The pH glass electrode was calibrated before each use with pH 4 and pH 7 buffers (Merck, Darmstadt, Germany).
Data treatment and statistics
Speciation calculations were performed using BLM software (Hydroqual, Mahwah, NJ, USA; Windows Ver 1.0.0; free download from http://www.hydroqual.com/winblm) using all inorganic parameters (pH, calcium, magnesium, sodium, potassium, SO 4 , chlorine, and inorganic carbon), the dissolved organic carbon concentration, and the dissolved copper concentration as input values. The organic matter used in the present study was assumed to consist of 41.4% active fulvic acid and 58.6% inert organic matter [18] . Stability constants for inorganic copper complexes have been reported elsewhere [3] . All data regarding dissolved metal concentrations, metal burdens of the algae, growth rates of the algae, growth and reproduction of the daphnids, and algal ingestion rates of daphnids are reported as the mean Ϯ SEM, unless noted otherwise. Growth rates of the algae in the different treatments were compared statistically using two-sided Student's t tests (p Ͻ 0.05). Normality assumptions (Shapiro-Wilkinson, p Ͻ 0.05) and the homogeneity of variances assumption (Bartlett, p Ͻ 0.05) were fulfilled. Because the latter was not the case for many algal copper burdens and for the growth and reproduction data of D. magna, these data were log-transformed before performing t tests. Median effective concentrations (EC50s) based on reproduction of the daphnids were calculated based on dissolved copper for both the waterborne and the combined waterborne and dietary exposure as explained elsewhere [17] . More specific statistical analyses are explained in the Results and Discussion. All statistical analyses were carried out using Statistica software (Statsoft, Tulsa, OK, USA)
RESULTS AND DISCUSSION
Algal growth and algal copper burdens during exposure, storage, and exposure of daphnids
The effect of copper on the growth rate of the algae is given in Figure 1 . The no-observed-effect concentration (NOEC) after 72 h was 33.4 g dissolved Cu L Ϫ1 (average during exposure, corresponding to 46 and 19 g Cu L Ϫ1 at the start and at the end of the test, respectively), a value very similar as that reported previously using the same test medium [18] . Except for the control (dissolved copper ϭ 2.1 Ϯ 0.4 g L Ϫ1 ), a time-dependent decrease of dissolved copper was observed, which was related to the adsorption and uptake of copper by the growing algae. This decrease was limited, however, and had not affected the growth rates (data not shown). Algal cop- (Table 1) . A mass-balance exercise demonstrates that algal copper burdens after 3 d of exposure were very similar to those after 2 d, indicating that a nearequilibrium copper burden is reached within 2 d of exposure (Table 1) .
Internal, external, and total algal copper burdens during storage are also summarized in Table 1 . In all treatments, the major fraction (78-93%) of the total algal burden was internal copper, except in the control, where only 54% was internal copper. The average total copper burden of the control food algae was 6.17 ϫ 10 Ϫ16 g cell Ϫ1 (Table 1 ). For cells exposed to copper, copper burdens during storage were between 52.1 and 250 ϫ 10 Ϫ16 g cell Ϫ1 and gradually increased with higher exposure concentrations. This, together with the fact that significant differences were observed between most exposures ( Table 1 ), indicates that daphnids fed with algae from different exposures were, indeed, exposed to a wide range of significantly different dietary copper levels, although some overlap of these levels is observed at the three highest copper exposures.
Copper burdens of the algae were constant during storage up to exposure concentrations of 100 g L Ϫ1 . At these concentrations, copper burdens during storage were also not significantly different from those measured during the exposure. Only at the two highest exposure concentrations were changes in algal copper burdens observed during storage. The changes in internal copper burdens (the most important with regard to dietary effects; see below) during storage were, however, smaller than 25%. This indicates that the storage conditions were sufficient to ensure a relatively constant copper burden of the food algae, which is crucial for long-term dietary toxicity studies with live diets [12] .
Although not assessed in the present study, it has been demonstrated that metal speciation within a live diet may be important [12] . Metals can, for example, be stored in granules or bound to phytochelatins [23] , and this may alter the bioavailability of dietborne metals [12] . Hence, the effect of intracellular speciation on dietborne metal bioavailability certainly deserves further attention.
The copper burden of the algae during the storage is important, but how the copper burden of the algae varies once they are introduced in the daphnid test media is more important. The copper burden of the alga used in the D. magna tests is the result of a dynamic process of adsorption, uptake, and elimination. Hence, this copper burden may vary during the daphnid exposure. Indeed, before the algae are ingested by the daphnids, they are subjected to the dissolved copper concentration present in the daphnid exposure medium. Thus, the algae will strive toward a new equilibrium copper burden starting from their burden at the time of introduction into the daphnid test medium. In the waterborne exposure, control algae (with low copper burden) will adsorb and take up copper from the daphnid exposure medium; as such, the copper algal burden (and the level of dietary exposure) will increase. Consequently, it should be noted that even in a so-called waterborne exposure, a dietary exposure component may be present. In the dietary exposure, copper-laden algae are introduced into a control medium; as such, their copper burden may decrease. The algal copper burden in the combined waterborne and dietary exposure will be the least subject to change because the dissolved copper concentrations in the daphnid exposure (Table 2) were only slightly different from the copper concentration in the algal stock suspensions (i.e., copper at day 3 of the algae exposure, left end of horizontal error bars in Fig. 1 ).
Based on a preliminary model for uptake and elimination kinetics of copper in P. subcapitata, we estimated that the degree of dietary exposure (expressed as time-averaged algal copper burdens during the daphnid exposures) was highest in the combined waterborne and dietary exposure, lower in the dietary exposure, and lowest in the waterborne exposure. A detailed description of this model is beyond the scope of the present paper, and further refinement and calibration of this model are ongoing (K.A.C. De Schamphelaere et al., unpublished data).
Monitoring of copper concentrations in D. magna tests
Because algae may leach and/or take up copper from solution during the daphnid exposures, it was important to monitor dissolved copper concentrations in the daphnia assays to be able to distinguish between the effects of waterborne and those of dietary exposure to copper. Table 2 
Effects on copper accumulation in D. magna
Two observations seem to indicate that dietary copper was effectively taken up by D. magna (Fig. 2) 14.4 g g dry wt Ϫ1 in the control to an approximately constant level of 40 g g dry wt Ϫ1 in the three highest exposures, demonstrating that the copper is bioavailable). The copper burden in the control daphnids after 21 d of exposure is nearly identical to the copper burden of the juvenile daphnids at the start of the test (14.0 Ϯ 1.1, three replicates of 50 pooled juveniles Ͻ24 h old, from stock culture). This copper burden probably represents the optimal metabolic requirement in daphnids, because D. magna is able to regulate its body burden between ϳ12 and ϳ20 g Cu g dry weight Ϫ1 for a copper concentration range of 1 to 12 g L Ϫ1 [24] . The highest average dissolved copper concentration that was leached by the algae into the daphnid test medium was only 14.5 g L Ϫ1 (Table 2) . Hence, the leaching of copper in the dietary exposure cannot explain the increased daphnid body burden at higher dietary exposure levels. Second, daphnid body burdens in the combined waterborne and dietary exposure were always higher than those in the waterborne exposure (comparing the 35, 50, 75, and 100 g Cu L Ϫ1 exposures). Both observations suggest that copper was taken up via dietary exposure. Figure 3 presents the growth and reproduction of D. magna in all different exposure scenarios. Overall, when significant effects of exposure were observed, effects on reproduction were always more significant than effects on growth (i.e., lower p value for reproduction). Because a significant correlation between growth (dry wt at end of test) and reproduction was observed (r ϭ 0.90; n ϭ 16, p Ͻ 0.001), the latter probably does not result from different resource allocation to growth and reproduction between different exposures but, rather, from statistical reasons. Indeed, the variation coefficients for reproduction (average ϭ 0.14) were smaller than the variation coefficient for growth (average ϭ 0.23).
Effects on growth and reproduction
The waterborne exposures to copper did not significantly affect growth, and only the 70 g Cu L Ϫ1 treatment resulted in an increased reproduction compared to the control. In the combined waterborne and dietary exposure, effects on growth were also only significant for the 70 g Cu L Ϫ1 exposure. Reproduction in all combined waterborne and dietary exposures, on the other hand, was significantly higher than that in the control.
In the dietary exposure, growth and reproduction exhibited an increasing trend with increasing dietary copper. Reproduction and growth in daphnids fed with algae cultured in copper concentrations of 70 g L Ϫ1 or greater was significantly higher than that of daphnids fed with control algae (p Ͻ 0.05). Because average dissolved copper concentrations in the dietary exposures increased from approximately 2 g L Ϫ1 (in the control) up to approximately 15 g L Ϫ1 (Table 2) , perhaps the increased reproduction and/or growth at higher dietary copper levels may be the result of these higher dissolved copper levels (because copper is an essential element). However, recent work at our laboratory has demonstrated the existence of an optimum (for reproduction) dissolved copper concentration range between 1 and 35 g L Ϫ1 [24] . In this concentration range, reproduction levels generally do not vary more than 10% to 15%. It thus seems unlikely that increased dissolved copper levels during the test explain the increases in reproduction of up to 75% observed in the present study.
Further evidence for increased performance of daphnids exposed to higher dietary copper is provided by comparing waterborne exposures and combined waterborne and dietary exposures in which identical average dissolved copper concentrations (Table 2) were present. Whereas growth is signif- , reproduction is significantly higher in all combined waterborne and dietary exposures (p Ͻ 0.05).
The observation that dietary copper does not contribute to chronic reproductive toxicity can also be demonstrated by comparing (measured) effect concentrations of dissolved copper in the waterborne and in the combined waterborne and dietary exposure. Indeed, 21-d NOECs and EC50s based on reproduction for the waterborne and the combined waterborne and dietary exposure were nearly identical (i.e., 92.5 and 113 g Cu L Ϫ1 and 96.2 and 121 g Cu L Ϫ1 , respectively). The BLM-predicted 21-d NOECs and EC50s for this medium are 90 and 120 g Cu L
Ϫ1
, respectively (calculated with the chronic copper BLM for D. magna [17] ). These values are very close to the observed values, indicating that the predictive capacity of the chronic copper BLM is not affected by increased dietary exposure. [26, 27] . The lower cell ingestion rate at this concentration is most likely caused by the waterborne part of the exposure. Indeed, the dietary component in this exposure was certainly lower than that in experiments where daphnids where fed with algae cultured at concentrations of 140 g Cu L Ϫ1 or greater. In the latter experiments, as indicated above, no effect on cell ingestion rate was observed. Besides this one exceptional exposure, cell ingestion rates were the same in all other exposures. However, similar cell ingestion rates resulted in higher growth and reproduction at higher dietary exposures. This may lead to the conclusion that in the latter exposures, higher food assimilation efficiency might have occurred [22] . This is discussed in further detail below.
Effect on cell ingestion rate
Explanations for nontoxicity and beneficial effect of dietary copper
Three important observations have so far been described: Dietary copper was taken up by the daphnids, exposure to increased dietary copper did not result in changes in cell ingestion rate, and dietary copper did not impair but, rather, enhanced growth and reproduction of the daphnids. In this section, we will discuss how the combination of these observations may be explained.
Except for the waterborne exposure to 140 g Cu L Ϫ1 , increased copper body burdens above the metabolically required quantity did not result in toxic effects to the daphnids. This may possibly be explained by storage of the excess copper in a nontoxic form (e.g., bound to metallothionein or stored in copper granules [23] ). It has already been suggested above that in the waterborne exposure to 140 g Cu L Ϫ1 , the toxic effect was most likely caused by the real waterborne part of the exposure. The only surviving organism in this exposure exhibited a clearly reduced feeding rate (even in the first stages of the exposure), remained very small throughout the exposure, and did not reproduce, most probably as the result of a general impaired metabolism and the energy cost for fighting the copper stress associated with the very high copper body burden. Despite this exceptional exposure, dietary copper clearly resulted in an increased copper uptake without causing toxic effects.
At this point, it is useful to compare our findings with those of other dietary toxicity studies involving copper. Clearwater et al. [12] pointed out that if any toxicity is expected from dietary exposure to copper, it is the mass-specific copper ingestion rate (g Cu g daphnid Ϫ1 d
Ϫ1
) that determines the toxic effect, not the copper burden of the food or the copper ingestion rate per daphnid (g Cu d Ϫ1 ). Table 3 presents estimated massspecific copper ingestion rates for juveniles (days 0-2) and 21-d old adults (days 19-21) using their average dry weight at the end of the test (Fig. 3B) . Calculations were only performed for the combined waterborne and dietary exposures, Table 2 .
because only in these exposures were algal copper burdens expected to remain more or less constant once algae were introduced to the daphnid test media. First, copper ingestion rates were calculated by multiplying the cell ingestion rate by the total copper burden of the algae (the value on day 0 for juveniles and on day 21 for adults). Then, the mass-specific ingestion rate was calculated through division by the wet weight of juveniles or adults. Wet weights were obtained by dividing the dry weight of juveniles (i.e., 8 g at start of tests) or adults (as measured at end of test) (Fig. 3B ) by a dry weight to wet weight ratio for D. magna of 0.085 Ϯ 0.003 (n ϭ 30).
Mass-specific ingestion rates are calculated and reported as g Cu (g wet wt) Ϫ1 d
, and this allows comparison with the results of Clearwater et al. [12] .
Here, it would be interesting to compare the data obtained in the present study with those of other dietary metal toxicity studies to enhance our understanding of the observed nontoxicity of dietary copper. Mass-specific copper ingestion rates of juvenile daphnids were higher than those of adult daphnids by a factor of approximately two to three. Total copper ingestion rates were estimated between 4.4 and 120 g g Ϫ1 d
for juveniles and between 1.4 and 44 g g Ϫ1 d Ϫ1 for adults. Neither of these copper ingestion rates resulted in adverse effects on growth or reproduction (Fig. 3) [15] ). In the former study, a 30% mortality of rainbow trout fed with 40 and 48 g g Ϫ1 d Ϫ1 was observed, but the effect was at least partially attributed to copper leaching from the diet, resulting in a toxic waterborne exposure. Based on existing fish literature data, it is thus impossible to determine toxicity thresholds for dietary copper incorporated in live diets. To our knowledge, no other reports are available that directly link toxic effects with dietary copper exposure (either in laboratory-prepared or in live diets) to freshwater invertebrates. Dietary toxicity studies with live diets are also very scarce for other metals.
Hook and Fisher [10] reported decreased reproduction in two freshwater cladocerans (Ceriodaphnia dubia and Simocephalus vetulus) after 4 h of feeding on silver-contaminated algae. Silver is not an essential element and is generally much more toxic than copper. Similarly, reduced egg production was observed in marine copepods fed for 4 h with diatoms contaminated with the nonessential metals silver, mercury, manganese, and cadmium but also with the essential element zinc [29] . However, in comparing the impact of zinc accumulated over a one-week period to that acquired over a 4-h period, no effects on egg production following longer zinc exposures were seen, even when the zinc body burden increased to the same degree in both exposure scenarios. Those authors suggested that in the short-term exposures, the copepods did not have sufficient time for the induction of detoxification mechanisms, allowing the zinc to remain accumulated in the sensitive ovarian tissue during their further life.
To conclude, none of the above-mentioned studies [10, 15, 28, 29] are in disagreement with the observed nontoxicity of dietary copper for D. magna in the present study. However, not only was no toxicity observed in the present study, but for the first time, to our knowledge, a clear, beneficial dietary threshold for an invertebrate species chronically exposed to copper was established. Based on the dietary exposure, it may be suggested that daily dietary doses between 41 and 120 g Cu g Ϫ1 d Ϫ1 for juveniles and between 19 and 44 g Cu g Ϫ1 d Ϫ1 for adults are beneficial for D. magna under the conditions tested ( Fig. 3 and Table 3 ).
Although no adverse effects of increased dietary exposure to copper have been observed, it would be interesting to find or propose a mechanistic explanation for the observed stimulatory effects of dietary exposure to copper.
Given that similar feeding rates were observed for all exposures, the increased growth and reproduction are most likely the result of increased food assimilation efficiency [22] . One could argue that algae pre-exposed to higher copper may have had a different nutritional value and that this may have resulted in the increased assimilation efficiency and performance of the daphnids. Unfortunately, diet quality was not monitored during the experiments. Although possible diet quality effects cannot be ruled out a priori, some reports suggest that this is definitely not the most likely explanation for the observed increased performance. For example, McLarnon-Riches et al. [30] did not observe a change in total lipid content (which constitutes the largest pool of energy reserves in D. magna [31] ) or lipid composition even after a 7-d exposure of P. subcapitata to copper. Perrein-Ettajani et al. [32] demonstrated for a marine alga that its content of polysaccharides, proteins, and lipids remained unchanged even when growth was inhibited by copper exposure. All this indicates that the observed effects are most likely caused by the exposure to dietary copper itself.
Both increased copper ingestion rates and algal copper burdens may directly determine the eventual soluble copper concentration that is established in the gut fluid of D. magna. By titrating gut fluids of marine benthic invertebrates with copper, Chen et al. [33] demonstrated that with increasing concentrations, copper first produced a rise in protease activity, followed by a sharp decrease in activity at further increased concentration (i.e., a typical hormesis-type concentration-response relation). Furthermore, those authors observed a nearly ubiquitous enhancement of activities of other digestive enzymes in 32 of 34 tested species. The same type of metal-enhanced activities has been observed in pigs [34] , and it has been sug-gested that at least for proteases, this enhancement may involve conformational optimization of proteases or activation of apoproteases (dormant forms of proteases) after copper binding [33] . The fact for some species protease activity increased up to 66-fold gives reason to believe that a similar type of enhancement in D. magna is plausible and could easily have resulted in the 75% increase of reproduction and growth observed in the present study. The complex nature of this mechanism certainly deserves further attention in freshwater invertebrates, because it may be of great importance in evaluating the results of dietary toxicity studies.
CONCLUSION
In the present study, it was demonstrated that dietary copper is, indeed, taken up by D. magna but that this does not result in chronic toxicity effects. Although not demonstrated here, this may have been a consequence of the sequestration of copper in nontoxic forms. Exposure to increased dietary copper enhanced the growth and reproduction of D. magna. Although not examined in the present study, this may be caused by copper-enhanced digestive enzyme activities in the gut resulting in increased food assimilation efficiency. Finally, it was demonstrated that the dietary exposure component did not affect the chronic effect concentrations of copper (expressed as dissolved, waterborne copper) or the predictive capacity of the chronic copper BLM. The fact that metal uptake of algae is affected by water characteristics such as pH suggests that investigation of the dietary exposure route in different water types may be required to fully understand the ecological importance of this process.
